Nonstructural carbon (NSC) provides the carbon and energy for plant growth and survival. In woody plants, fundamental questions about NSC remain unresolved: Is NSC storage an active or passive process? Do older NSC reserves remain accessible to the plant? How is NSC depletion related to mortality risk? Herein we review conceptual and mathematical models of NSC dynamics, recent observations and experiments at the organismal scale, and advances in plant physiology that have provided a better understanding of the dynamics of woody plant NSC. Plants preferentially use new carbon but can access decade-old carbon when the plant is stressed or physically damaged. In addition to serving as a carbon and energy source, NSC plays important roles in phloem transport, osmoregulation, and cold tolerance, but how plants regulate these competing roles and NSC depletion remains elusive. Moving forward requires greater synthesis of models and data and integration across scales from -omics to ecology.
INTRODUCTION
Carbon is the building block of all life. How plants store and allocate carbon to grow and survive has long been of central interest to plant physiologists, ecosystem ecologists, and biogeochemists. Growing concerns over climate change have pushed the importance of the terrestrial carbon cycle into the minds of policy makers, land managers, and the general public. Woody plants are of particular interest because they constitute the largest pool of aboveground biomass, and their diverse strategies for carbon use and allocation are deeply connected to ecological and evolutionary theories of trade-offs and niche partitioning. Woody plant survival requires active tolerance to a wide range of stresses and disturbances, including drought, flooding, freezing, and pollution. The need to balance competition for external resources with tolerance for damage and disturbance, such as herbivory, fire, wind, and ice, causes woody plants to invest large amounts of carbon in lignified support tissues, defense, and storage. These complex metabolic and structural demands require plants to have evolutionary strategies to coordinate the uses of a limited supply of mobile, nonstructural carbon (NSC). Despite substantial effort by plant physiologists and ecologists to study the end result of these adaptations and associated trade-offs, as manifest in plant growth, respiration, reproduction, and turnover, there remain large uncertainties, many unanswered questions, and ongoing debates about the underlying dynamics of NSC.
Like many scientific phenomena, our paradigm of what NSC is and how it functions is tied in large part to what we can measure. Therefore, the scientific knowledge on NSC is based predominantly on measurements of concentrations of specific compounds that are assayed from destructive samples. Overall, this has led to a somewhat circular logic, in which NSC is defined as the plant's reserves and then that function is ascribed to what we know how to measure. Research on NSC compounds has historically focused on carbohydrates, in particular simple sugars and starch, though there is evidence that oligosaccharides, polysaccharides, lipids, and amino acids function as sources of stored energy and carbon for biosynthesis (48) . NSC pool sizes are typically estimated allometrically, and dynamics are inferred from the net changes in concentration or pool size (69) . Carbon isotopes have also been used to date different NSC pools or to provide a more dynamic picture of how recent photosynthate is allocated (13, 106) .
Despite the complexity of NSC regulation (17) , the textbook view of the role of NSC in woody plants remains that derived from Kozlowski's encyclopedic 1992 review of carbohydrates in woody plants (63) . Newly assimilated carbon in the chloroplast is exported to the cytosol as triose-phosphate, from which sucrose is synthesized. Some sucrose is converted to starch in the chloroplast and used during the night to support growth and metabolism when no new assimilates are being synthesized. Additionally, sucrose or other oligosaccharides may be loaded into the phloem, where they are translocated by mass flow to different components of the plant. Kozlowski presented a conceptual model of how woody plants store and allocate carbon in which NSC is taken up by different tissues in response to their intrinsic sink strengths. This source-sink paradigm is focused predominantly on the metabolic functions of NSC and in particular on plant growth.
Even in Kozlowski's review, however, there was ample evidence that the story is not this simple. For example, studies demonstrated that carbon transport is often compartmentalized by localized phloem connections (133) , meaning phloem is not a single pool for which sinks compete, but even now it is unclear whether, and under what conditions, such fine-scale detail is important for predicting plant responses. Effects of nutrients and hormonal signaling on NSC dynamics, along with possible roles of NSC in vascular transport, cold tolerance, and osmotic regulation, are mentioned, but they are viewed as secondary to the idea of different plant tissues competing for carbon. This model predicts a seasonal cycle in NSC pools, which decline rapidly during times of leaf-out, rapid growth, or reproduction; rise late in the growing season as growth slows and NSC stores are replenished; and decline slowly through the dormant season to meet respiratory demands. This cycle is thought to be most dramatic in temperate deciduous species, which store larger amounts of NSC and accumulate them earlier in the year than evergreens.
The source-sink model does not make predictions about the forms NSC can take. However, sugars (especially sucrose) and sugar alcohols are the dominant NSCs exported from leaves into the phloem. Because sugars are used directly for cellular metabolism, conventional wisdom holds that sugars reflect a short-term pool and starch a more recalcitrant storage. However, Kozlowski also reviewed evidence for seasonal cycles in the balance between sugars and starch, which suggests that sugar is directly involved in cold tolerance. Starch accumulated late in the growing season is converted to sugar during dormancy but then resynthesized to starch as dormancy ends. Overall, this suggests that the specific compounds making up NSC matter and may have individual functional roles.
The two decades since Kozlowski's seminal review have seen several advances that are of direct relevance to how we view NSC. There has been a shift in research emphasis from growth to carbon fluxes (3) . There has also been considerable research on the constraints of nutrients on carbon flows as well as on ecological stoichiometry, which considers how organisms and their interactions in ecosystems are affected by their relative elemental requirements (124) . The rise of -omics research and improvements in quantitative physiology have opened the window to a better understanding of how plants regulate their internal metabolism and the genes involved. This understanding is more nuanced than simply viewing hormones as turning processes on and off (e.g., reproduction) and raises the possibility that plants are adjusting source and sink Alternative models for allocation of new assimilate (A) to storage (S). In all cases, we assume that growth (G) < A. Passive storage occurs when G is upregulated but limited by factors other than carbon. Quasi-active storage occurs when G is inhibited by the plant to divert carbon to S. Active storage occurs when S is upregulated and thus competes with G. strengths to control allocation, rather than allocation being controlled by source and sink strengths. Other work has demonstrated plant thermal acclimation in both photosynthetic and respiratory processes (123) , suggesting that both sources and sinks adjust to climate. Further evidence suggests that this acclimation allows plants to balance gross primary production and net primary production (79) . Others have put forth provocative ideas suggesting that plant growth is limited not by photosynthesis (carbon source) but rather by sinks, owing in part to thermal limits on the rate of biosynthesis, and therefore NSC dynamics are merely a passive overflow (61) . There has also been increasing discussion about the nonmetabolic roles of NSC, for example, in osmotic regulation, vascular transport, and cold tolerance (113) .
In recent years there has been a vigorous debate on how NSC pools build up over time (47, 48, 113, 145) . At the core of this debate is the extent to which temporal dynamics of NSC reflect, at least in part, active storage as opposed to a purely passive process driven by the balance between carbon supply via photosynthesis and demand for growth and respiration (63) (Figure 1) . By "active," we mean the upregulation of storage at the expense of growth, even when conditions are favorable for growth. Closely related is what we term quasi-active storage, which is when storage occurs owing to the downregulation of growth. Both active and quasi-active storage imply a gene-regulated trade-off between storage and growth. The potential significance of active storage was highlighted in a seminal paper by Chapin et al. (17) . They defined three main processes by which NSC builds up in plants: (a) accumulation, a purely passive process that occurs when supply exceeds demand; (b) reserve formation, an active process by which resources are stored at the expense of other processes; and (c) recycling, an active process by which compounds initially invested in growth or defense are broken down and reused to support future growth. Despite relatively abundant data consistent with reserve formation in woody plants, they concluded that unequivocal empirical evidence of a growth-storage trade-off was limited and well documented only for herbaceous plants. They also concluded that recycling is important for mineral nutrients but not NSC and that accumulation is most pronounced in species with inherently slow growth rates.
Despite immense methodological progress in recent decades and repeated recognition in the literature that NSC storage in woody plants may be in part an active process, the extent to which the temporal dynamics of NSC storage result from passive versus active processes remains unresolved (11, 17, 69, 74, 113, 145) . This slow progress highlights that experimental tests to disentangle passive from active storage in woody plants are difficult; growth and photosynthesis are often not synchronized, and overall, whole-plant carbon balance (including growth, metabolism, and storage) is challenging to measure (109) . Further, long life spans, large size, and relatively abundant NSC pools (48, 111) with slow turnover rates in woody plants make experimental manipulations and the interpretation of results exceedingly complicated. As a consequence, the assumption that NSC storage is a purely passive process continues to dominate (74) .
The remainder of this review is divided into four sections. First, we review how NSC pools and fluxes are represented in models, with particular focus on Earth system models and the terrestrial carbon cycle. In essence, we ask how (and whether) conceptual models of NSC have been translated into mathematical models, wherein differences among models often highlight unresolved questions. Second, we review recent ecological and ecophysiological field observations and experiments measuring NSC dynamics to identify whether recent data support or refute the passive paradigm. Third, we review recent physiological experiments to evaluate our current understanding of the mechanisms and processes responsible for NSC regulation. Fourth, we ask whether a new conceptual model of NSC dynamics has emerged from the past 20 years of research and identify key questions and uncertainties to be addressed.
MODELING NONSTRUCTURAL CARBON ALLOCATION AND STORAGE
The conversion of conceptual models to numerical models often highlights key uncertainties and allows for more quantitative tests of theories. The importance of NSC in woody plants is demonstrated by the observation that in numerical simulation models operating at a wide range of scales-from individual trees to forest stands to whole ecosystems-some representation of NSC is needed for biological realism. However, our current understanding of carbon allocation and storage processes is limited and impairs model development (2, 36, 113) . Indeed, model representations of NSC tend to take a black-box approach, and the dynamics of the associated carbon pools are rarely evaluated or tested against field data (74) . In this section, we review the ways in which allocation to and from NSC is treated in different models and then discuss the role of NSC in affecting the responses of the modeled system.
The Functional Role of Nonstructural Carbon
Even models of individual plant growth rarely make a formal distinction between structural carbon (e.g., cellulose and lignin) and NSC pools (74) . Here, we focus on those models that explicitly model NSC as a separate pool. We note that in every model of which we are aware, the functional role of NSC is to buffer the plant's capacity for maintenance and growth against deficits (on a timescale of hours to months) in current assimilates (114) . There is usually no metabolic cost assigned to storage in these models, and stored carbon is generally treated as completely available for future use-i.e., it does not become sequestered or otherwise unavailable over time (cf. 113). Other roles of NSC (e.g., osmotic roles and cold tolerance) are generally not considered. However, some models also use NSC mass balance as a mechanistic trigger for plant mortality (26, 35, 95) ; this is an obvious improvement over previous statistical approaches (28, 53) .
Allocation and Transport of Nonstructural Carbon
The mass balance in a typical model assumes that NSC represents photosynthetic production minus respiratory processes and allocation to new tissue growth (20, 114) . Thus, the net change in NSC represents the relatively small balance of several much larger fluxes (20) , which makes it a major challenge to get NSC dynamics even approximately correct. Although there are numerous possible variations, most models work more or less as follows. At each time step, new photosynthetic products are transferred to one or more (e.g., separate root, trunk, and crown) storage pools. The respiratory costs of maintenance and new growth (131) may be satisfied either before or after this transfer and mixing takes place. Allocation to growth (potentially limited by environmental conditions, phenology, or substrate availability) then occurs from the storage pool(s), with most of the substrate for growth being provided by the nearest storage pool. In most models with multiple storage pools, transfer among storage pools is possible.
Models without a storage pool typically allocate current assimilates to the production of new tissues, assuming that allocation fractions are fixed in time. By comparison, most models that incorporate storage adopt some version of the dynamic-allocation transport-resistance approach to partitioning (130) , which is a mathematical formalization of the source-sink model (63) , but this approach is not universal (20) . Here, NSC flows from source leaves to sinks (i.e., storage and/or growth) according to basic flux equations (analogous to Ohm's law) in proportion to a gradient in NSC concentration multiplied by a conductance (2, 7, 26, 76) . Conductance (1/resistance) is defined in terms of conducting tissue biomass or path length and is commonly modified by environmental scaling factors [e.g., conductance is reduced under suboptimal temperature or moisture conditions (116) ]. Storage then supplies the substrate for new tissue growth, which is controlled by supply and/or demand (26, 94) . Some models consider feedbacks between photosynthesis and NSC in foliage; thus, when NSC builds up, photosynthesis is downregulated (2) . In some models, storage actively competes with other sinks (2, 73) , whereas in others, assimilates are passively allocated to storage only after respiration and growth have been fully satisfied (143) .
What Does Modeled Nonstructural Carbon Represent?
Biochemically, models vary in what the storage pool corresponds to. Sugars, which are soluble and important for osmotic regulation, and starch, which is insoluble, have functionally different roles in transport and storage. However, many models do not distinguish between sugars and starch (20, 59, 95, 105) , whereas in other models there is a distinction between labile carbon and starch (25, 26, 76) in which starch must be converted to a labile form (i.e., sugars) before it can be transported or metabolized. A small minority of models attempt to explicitly represent interconversions between sugars and starch (40) . There are also models where storage is considered to be starch, and conversion of sugars to starch (and vice versa) is implicit (73, 116) .
Similarly, models vary in the number of different storage pools. Several models include just a single NSC pool (20, 59, 94, 116) . Other models distinguish between "storage" pools and "transient" pools (95, 106) or further subdivide these pools into various above-and belowground biomass components (2, 7, 73, 143) . In this structure, the transient pool provides the substrate for new tissue growth and respiration and represents the sum of NSC that is being mobilized from storage as well as recent assimilates (30, 67) . Other models distinguish between a "fast" pool (with a mean residence time of <1 year) and a "slow" pool (with a mean residence time of ∼20 years), with transfers from slow to fast occurring if the fast pool is sufficiently depleted (106) . These approaches are consistent with observational evidence (16) for NSC pools with distinctly different availabilities and mean residence times (e.g., long-term storage versus ready-to-use reserves).
The Importance of Modeling Nonstructural Carbon: Model Performance and Process Insights
Including NSC in models of plant growth is important for a variety of reasons. First, it enhances the physiological realism of the model. For example, storage is necessary if plants are to maintain metabolic function through carbon deficit periods. By including a storage pool, comparatively high rates of tree growth can be sustained even when rates of photosynthesis are lower than respiratory demands (114) . The storage pool also allows dormant-season carryover of assimilates, which can then be used to support new tissue growth (in excess of current photosynthetic products) during the following growing season.
Second, modeling can be used to examine the consequences of storage. For example, an analysis of the opportunity costs of investing in storage highlighted the ecological role that NSC plays 672 Dietze et al.
in trade-offs between seedling growth and survivorship rates (59) . Similarly, a study where plant functional types were specified according to their propensity to store NSC suggested that the fitness cost of low rates of storage was minimal because the reserve pool was rarely depleted (35) . From a more physiological point of view, model-based analyses have demonstrated the role of NSC in stress tolerance to ozone (105) and how NSC is critical in mediating the divergent short-and long-term responses of the respiration:photosynthesis ratio to increases in temperature (25) .
Model-Data Evaluations
In studies that have modeled the seasonal accumulation of NSC, there is substantial divergence among models in the magnitude of the seasonal amplitude (calculated as the ratio of the size of the pool at its annual maximum to that at its annual minimum). In some models, spring leaf-out and wood growth draw down the storage reserves almost to zero, and the size of the NSC pool varies by a factor of two or more over the course of the year (20, 94, 114) . In other models, there are substantial reserves remaining even when NSC is at its seasonal minimum, and the seasonal maximum size of the NSC pool is no more than 25% larger than the seasonal minimum (106, 116) . However, relatively few modeling studies have rigorously evaluated model predictions of NSC dynamics against scaled-up measurements of tissue NSC concentrations. The few exceptions range from an excellent agreement between model and data (20) to instances where the modeled NSC was seasonally more dynamic than the scaled-up field measurements (114) . Without a doubt, there is a pressing need for better data sets against which models can be evaluated and improved.
In the absence of data to evaluate modeled NSC dynamics, some studies have used other types of data to provide indirect support for the model. For example, a model with one NSC pool was able to simulate the seasonally varying isotopic signature ( 13 C and 18 O) of xylem cellulose (94) . Another study used radiocarbon-based estimates of NSC age to directly constrain the size-weighted mean residence time of the total (fast + slow) NSC pool (106) . This study also tested different competing representations of NSC reserves (no pool, one pool, two pools) against ecosystem-level carbondioxide (CO 2 ) flux and annual woody biomass increment. Agreement was best with the two-pool model, but modeled seasonal NSC was inconsistent with stem-wood NSC concentration data. These model-data comparisons of seasonal dynamics represent just the beginning in terms of the range of experimental and observational studies potentially available to test both mathematical and conceptual models of NSC dynamics.
OBSERVATIONS AND EXPERIMENTS

Newly Assimilated Carbon
The majority of our knowledge of new assimilates in woody plants comes from isotopic work, primarily pulse and continuous labeling (with 13 C or 14 C). These studies revealed how much and on what timescales new assimilates are allocated to growth, respiration, defense, storage, and exudates by following the fate of individual atoms as they move through plants.
New assimilates can be incorporated into plant tissues within minutes, but most are either exported from the leaves to other plant tissues or used by the plant's metabolism in respiratory processes within one day of assimilation (83) . New assimilates can also be translocated to the roots and exported to symbiotic and free-living microbes within days (31, 50) . Mixing of new assimilates with existing NSC within the tree occurs rapidly (54, 55) . Mean residence times for new assimilates used for metabolism range from hours to days in leaves and branches up to several days to weeks in stems and roots; however, there is also evidence for multiple pools with different mean residence times (15, 50, 142) .
The time required for translocation depends on the distance over which assimilates must travel and is generally longer in larger plants (85) . For example, the time for newly assimilated carbon to be transported and respired by roots varies from <1 day in ∼1-m-tall woody shrubs (15) to >10 days in >25-m-tall trees (67), with the majority of studies finding time lags of 4-5 days for intermediate-size trees (68) . Measurements of photosynthesis and soil respiration have shown that translocation times vary from hours to weeks within the same vegetation type (137) . This suggests that multiple factors influence the translocation times, including environmental drivers (e.g., slower with colder temperatures and drier soils), stem diameter, viscosity, and turgor pressure (23, 107) . Finally, phloem anatomy plays a role in translocation rates, with angiosperms generally being faster (0.2-6.0 m/h) than gymnosperms (0.1-0.4 m/h) (30) .
Observed Nonstructural Carbon Variability
Only a handful of studies have scaled NSC concentration measurements to mass estimates at the whole-tree or forest-stand level. At the forest-stand level, NSC pool estimates range between 230 and 1,600 g C/m 2 , enough to completely regrow foliage one to four times (42, 43, 48, 149) . At the whole-tree level, the distribution of NSC among plant components varies widely. However, in most studies the largest pools are in stem wood or coarse roots, though foliage may represent a large pool in conifers (48) . If we focus specifically on these pools, NSC concentrations are highest near the cambium or in young sapwood and are higher in temperate deciduous species than in evergreen species (48, 149) . With increasing tree age and/or height, NSC concentrations in stem wood generally remain stable or increase (41, 98, 111, 128) . In mature deciduous trees, NSC amounts, the NSC fraction allocated to starch versus sugar, and their seasonal fluctuations are higher in ring-porous trees (e.g., Quercus). In these trees, NSC is mostly restricted to the sapwood, compared with diffuse-porous (e.g., Fagus) trees, where NSC is found throughout the entire stem (4, 48, 98) . Thus, the total NSC pool in ring-porous trees is positively correlated with the sapwood area. Furthermore, the relative allocation to storage and reproduction increases with age in diffuse-porous species but not in ring-porous species (41) .
Seasonal NSC patterns reach a maximum just before leaf fall; in diffuse-porous trees, they reach a minimum during bud break and the onset of shoot expansion, and in ring-porous trees, they reach a minimum during early wood formation, which occurs prior to leaf-out (4, 98) . Similar seasonal trends have been observed in drought-deciduous trees in semiarid climates, where stemwood NSC concentrations decrease during leaf expansion and reproduction and are higher during the dry season than during the wet season (92, 149) . In evergreen conifers, NSC declines sharply from the sapwood to hardwood, concentrations of sugars are higher during winter than during summer, and starch peaks at the beginning of the growing season (34, 128) . In deciduous conifers, seasonal variations are smaller and similar to those in diffuse-porous trees (48) . Overall, seasonal fluctuations of stored NSC rarely fall below certain relatively high minima (48, 149) .
Direct measurements of NSC age suggest that younger NSC is preferentially used for growth and metabolism. New leaves, sapwood, and fine roots are predominantly made from current-year assimilates, though almost half can originate from NSC that is several years old (32, 54, 84) . Trees utilize recent NSC (current and previous year) for reproductive masting-years of large, synchronized seed production among conspecific individuals-regardless of the interval between mast years (52) . New roots, leaf buds, and flowers grow from stored NSC up to two years old (52, 139) , and stored NSC up to three or four years old has been incorporated into tree ring cellulose growth (54, 65) . NSC used for root (14, 22, 51) and stem (12, 87) respiration can be several years old.
However, other studies reveal that decade-old NSC can be accessible to the plants. Using the 14 C "bomb spike" approach, Richardson et al. (106) found NSC from mature temperate tree stem wood to be 7-14 years old. The ages of sugar and starch were similar, implying regular interconversion between these compounds. Similar results were found in Acer rubrum L., where NSC age increased with the age of the tree; however, comparatively younger NSC was found in more vigorous trees (12) . Ten-year-old NSC was allocated to new root growth following a major hurricane disturbance in a dry tropical forest (139) , red maple stump sprouts were grown from remobilized NSC in roots as old as 17 years (12), and new roots in desert palms were produced from remobilized NSC as old as >60 years (R. Vargas, C. Czimczik, S. Bullock, X. Xu & S. Djuricin, unpublished data). These results demonstrate that older NSC remains accessible to plants, but the mechanisms (at the physiological and molecular levels) that trigger the storage of NSC and the use of older pools remain unclear.
Experimental Manipulations
Experimental manipulations push systems out of their normal conditions and often help reveal key features about underlying dynamics. In this section, we briefly review NSC responses to experimental manipulations of CO 2 , flooding, ozone, acid deposition, and defoliation.
For plants grown under elevated CO 2 concentrations, a short-term increase in gross primary production and water-use efficiency in response to elevated CO 2 is all but unavoidable (21), even under low-light conditions, though over the longer term there are many ways that gross primary production may be actively or passively downregulated. In response to this increase in gross primary production, the initial response of almost any plant grown under elevated CO 2 is to increase growth (1). Although elevated CO 2 experiments are not equitably distributed across biomes or stand ages (75) , this nonetheless suggests that carbon limitation is widespread. Leaf NSC concentrations show large increases (46, 62) , which are due primarily to starch rather than sugar accumulation (80) . Fewer data are available for longer-term storage, but NSC concentrations generally increase in plants exposed to elevated atmospheric CO 2 and decrease in plants growing at low CO 2 concentrations (18, 61) .
Flooding experiments represent a unique NSC perturbation because anoxia shuts down plant respiration, shifting metabolism instead to a far less efficient and somewhat toxic alcohol fermentation pathway. Soil inundation isolates the impacts on roots from stems and leaves and has little direct impact on the photosynthetic machinery. Roots are hypothesized to compensate by decreasing metabolic demand, reducing growth and nutrient uptake, or consuming more carbohydrates to compensate for inefficiency (66) . There is a general pattern of increased leaf sugar and starch across a wide range of biomes and flood tolerances (66, 121) . NSC buildup coincides with a large reduction in photosynthesis and transpiration resulting from reductions in stomatal conductance (121) . Stomatal closure is thought to occur because of either chemical signaling (29) or increased leaf NSC via phloem limitation. Phloem limitation suggests that roots are probably not consuming more carbohydrates to make up for inefficiencies, which also makes sense because of ethanol toxicity.
Tropospheric ozone is a potent oxidizing agent and also a greenhouse gas. Background atmospheric ozone concentrations in northern midlatitudes have increased substantially in recent decades (19, 141) , and ozone concentration is correlated with increased tree mortality (28) . The main negative effect of ozone on plants is the inhibition of carbon assimilation via damage to the photosynthetic apparatus (103), reducing carbon assimilation in plants (146, 147) . Ozone damage typically reduces leaf sucrose and has little effect on leaf starch (147) . There is no clear effect of ozone on stem NSC, with some studies showing increases and others decreases, but most found reductions in phloem sugars or translocation (71, 81) . In the roots there was a general trend of reduced starch concentrations, but impacts on root sugars are mixed (81, 115, 129) . Overall, most carbon pools show neutral or negative responses, consistent with an overall reduction of photosynthesis. The reduced root:shoot ratio, phloem transport, and root starch are also consistent with the need to repair foliar damage.
Acid deposition acts through changes in soil cations, causing a transient fertilization and eventual deficiency, and through foliar damage, in particular a reduction in cold tolerance that is mediated in part by foliar sugar concentrations (132) . Simulated acid fog experiments isolate the latter effect and have generally reduced foliar sugar and starch or had a nonsignificant effect (97, 120) . There are limited data on the effects of acid on other pools, but available data suggest that stem starch decreases (119) and root starch increases (9) , though the latter result is from a natural soil pH gradient rather than a controlled experiment.
Multiple disturbances can cause a loss of leaves and/or fine roots, which limits the capacity to photosynthesize and take up nutrients and water and which may further reduce ecosystem gross primary production following disturbances (77, 138) . Defoliation studies have shown that NSC stores often decrease soon after defoliation (78, 135) . Notably, after defoliation, woody plants have the capacity to remobilize old carbon reserves (>11 years old) (139) . A few studies have investigated how repeated defoliation or disturbance affects NSC. For several months after a defoliation event, young Eucalyptus plants did not experience carbon limitation (5) , and repeated defoliation events (spaced by several years of canopy recovery) led to an accumulation of NSC in Pinus nigra Arnold (96) . In contrast, there is evidence of carbon limitation in root systems of mature Populus after repeated defoliation (70) , but much more research should be done in terms of disturbance intensity/severity and legacy effects on carbon storage and remobilization of NSC pools in woody plants (56, 136) .
Additional Constraints
The dynamics of NSC interact with several other ecophysiological processes that constrain how NSC is stored and allocated, including stoichiometric and thermal constraints on growth and translocation. Storage is mediated by nutrient availability, with larger allocation to storage when growth is limited by nutrients (58) . However, whether this response is purely stoichiometric is unclear, as an active stress response would also favor storage over growth (60) , and, ironically, preferential allocation to fine roots over stems further exacerbates carbon:nitrogen imbalances.
Across a wide range of growing-season lengths, NSC concentration in all tree organs increases with elevation from closed forest stands toward altitudinal tree lines, when sampling takes into account differences in phenology among elevations (47, 48) . This pattern is interpreted to reflect a thermal growth limitation (61), though others argue that the tree line is a reflection of disturbance and recruitment limitation, not growth (127) .
Relationships to Demographic Processes
NSC provides energy and carbon for respiration, growth, defense, reproduction, resprouting, and survival (7, 17, 63) . In this section, we focus on the NSC relationships with mortality and resprouting. The importance of NSC storage for survival, particularly when forests experience a stress event such as severe drought, has been a topic of much debate in recent years (82, 113, 145) . Relatively few studies have directly addressed the question of whether a larger NSC allocation confers a survival advantage. Experimental defoliation of several temperate species demonstrated that saplings with larger initial NSC reserves were more likely to survive (10) . This agrees with observational evidence from neotropical and temperate seedlings showing that seedlings with larger 676 Dietze et al.
NSC reserves are more likely to survive (59, 89) and observation of depleted NSC in stem wood of Pinus sylvestris L. following a drought episode (38) . Results of drought experiments on seedlings and saplings have been more complex. A recent drought experiment using one conservative-growing species (Pinus radiata D. Don) and two fast-growing Eucalyptus species showed depleted NSC for Pinus but not Eucalyptus (86) . This response conforms to the suggestion that allocation to growth versus allocation to storage and defense underlies the trade-off between growth and survival (33, 101) . The relationship between NSC depletion and mortality risk, and how this varies among different groups, is poorly understood (112) . Stores of NSC play a critical role in resprouting following disturbance (8) . Resprouting in trees after low but pervasive levels of disturbance is supported by both below-and aboveground reserves, whereas resprouting in shrubs and trees subject to frequent, severe disturbance is supported by belowground reserves (93) . Mediterranean woody shrubs in fire-prone heathlands allocate and accumulate more NSC belowground than sympatric, obligate seeders do (6, 58, 140) . Here, starch reserves have been identified as critical for resprouting and are stored in xylem parenchyma ray tissue of woody underground organs, such as burls, lignotubers, and roots (6, 140) . Similarly, savanna trees, which persist through repeated top kill by resprouting, also store large amounts of NSC (e.g., sugars plus starch = 28-30% mass) belowground in specialized organs (i.e., lignotubers) (49, 144) . Observations of δ 13 C patterns, 14 C labeling studies, and defoliation experiments demonstrate that these belowground NSC reserves support coppicing after fire damage as well as bolting of the main stem to escape the fire kill zone generated by the grass layer (117, 144) . Finally, lignotuber NSC reserves are recharged by the initial coppice shoots over the following growing season and after bolting, and thus increase with plant age. Belowground NSC also supports the production of fine roots in systems with severe and frequent fire disturbances (72) . Given that resprouting is a common strategy that can be more successful than seed regeneration even outside of fire-prone systems (27) and that resprouting appears to be the ancestral trait among angiosperm trees (24) , we should expect selective pressure along a growth-storage trade-off. Furthermore, we would expect a different trade-off among conifers, where resprouting appears to be a derived state.
PHYSIOLOGICAL PROCESSES AND MECHANISMS
Regulation of Storage
How do woody plants gauge when and how much carbon should be partitioned to storage? Storage pools ultimately depend on the relative rates of synthesis and degradation of storage compounds. The metabolism of starch and storage lipids (the latter mostly in oilseeds) has been under intense study (122, 125, 150) , but it is not the focus here. To date, our understanding of the regulation of storage is based mostly on diurnal starch dynamics in leaves of Arabidopsis and other herbaceous model systems, where starch accumulation occurs during the day to support growth and respiration at night. A main conclusion from these studies is that the synthesis and degradation of starch on a diurnal basis are controlled by interdependent regulatory networks that ultimately allow plants to balance carbon supply via photosynthesis with carbon use for growth and other activities (44, 125, 126) . Overall, regulation at the gene and enzyme levels occurs in response to sugars and redox state (mediated by sugar and/or light). These in turn depend on the interaction of endogenous clocks and environmental signals (e.g., light, water, and temperature) and their subsequent effect on the hormonal regulation of growth. These signals interact with multiple specialized isoforms of the enzymes involved in NSC synthesis and degradation. Each enzyme isoform has different (and often contrasting) regulatory mechanisms and varies in abundance depending on the specific storage organ. This results in an extraordinarily complex regulatory system. An important result in Arabidopsis is that starch is the most reliable indicator of metabolic integration (126) . Furthermore, plants that are carbon starved under prolonged nights and subsequently subjected to light and favorable conditions suppress growth for a few hours and partition carbon to storage (44, 126) . This short-term growth reduction provides a clear example of quasi-active storage and was interpreted as a strategy to prevent chronic carbon starvation and optimize growth in the long term.
The enormous complexity of regulatory mechanisms documented in leaves of herbaceous species highlights that elucidating the regulatory networks that integrate diurnal and seasonal storage in woody plants (including nonphotosynthetic tissues) will be a daunting challenge. Woody plants are often large, modular, and long lived, which results in multiple, conflicting, and lagged signals over time that travel through the vascular system from different organs. How these signals are integrated in woody plants and their consequences for the whole-plant carbon balance are exceedingly difficult to demonstrate in mature trees under natural conditions. Preliminary results from a recent meta-analysis based on approximately 200 perennial species from different functional types and biomes (A. Sala & J. Martínez-Vilalta, unpublished data) suggest that plants often accumulate starch during the growing season when soluble sugars are close to or at their seasonal minima and when NSC (the sum of starch and soluble sugars) declines. This suggests that, analogous to the diurnal fluctuation in herbaceous plant leaves, plants store starch during the growing season even if supply does not meet demand. These data are correlative, and much research will be required to elucidate whether long-term storage in woody plants (including nonphotosynthetic tissues) is analogous to the diurnal regulation observed in Arabidopsis leaves and, if so, by which mechanisms this occurs. It is encouraging, however, that reserve deposition on a seasonal basis in woody tissues of trees has regulatory mechanisms similar to those described in Arabidopsis (125) . Advances in -omics and systems biology will be critical to unravel the complexity of storage regulation in trees, for example, by identifying when genes controlling storage are turned on (active storage) or when those controlling growth are turned off (quasi-active storage).
Functions of Nonstructural Carbon
Traditionally, NSC storage has been viewed as a reservoir pool to supply carbon for growth and respiration. However, in plants, water movement is driven purely by gradients of water potential. Based on accumulating evidence, the osmotic function hypothesis (113) proposed that, in addition to sources of carbon for structural growth and energy, NSC storage could serve a critical osmotic function to maintain turgor and long-distance vascular integrity in xylem and phloem, the only means by which plants integrate their overall function.
It is now known that the xylem in plants often experiences daily and seasonal cycles of embolism and refilling (90) and that NSC, particularly sugars, may be involved in embolism sensing and reversal (113) . Sugars are also involved in phloem transport, which is intimately related to xylem transport. Sugars accumulate in the phloem to be transported but also to generate osmotically driven pressure gradients in order to drive long-distance phloem transport (88) and trigger water influx from the xylem. The specific mechanisms of long-distance phloem transport in trees remain a mystery (134) . Despite their size, phloem pressure in trees is often lower than that in herbaceous plants, and unknown mechanisms must drive long-distance transport, perhaps involving a relay system of continuous solute exchange (134) . Interestingly, phloem loading in the leaves of trees is passive and driven via gradients of soluble sugars from high concentrations in mesophyll source cells to low concentrations in the phloem (104) . Although highly speculative at this point, it could be that high NSC inventories in trees serve multiple osmotic purposes. For instance, they may allow trees to overcome hydraulic constraints due to height (110, 148) while supplying soluble sugars for phloem loading and long-distance transport (37) .
The potential osmotic function of NSC is consistent with results showing that drought led to an increase of NSC concentrations in drought-resistant plants or genotypes but not in droughtintolerant plants (99, 102) . Hydraulic failure in Pinus seedlings subjected to drought may also be associated with a loss of adequate tissue carbohydrate content required for osmoregulation (118) . The strong seasonal increase of soluble sugars during winter months in woody plants that experience chilling or freezing temperatures (63) also supports the osmotic function of storage (64, 108) . A similar pattern occurs in drought-deciduous species during the dry season (92, 149) . Accumulation of soluble sugars in cells slows down water movement from the cell to the apoplast, where extracellular freezing lowers the water potential. In addition, sugars have been involved in several cryoprotective roles, including membrane stabilization and protein protection. Finally, sugars have some reactive oxygen species-scavenging properties, thus preventing oxidation damage under cold temperatures.
In summary, in addition to acting as a carbon reservoir for growth and respiration, stored NSC appears to serve a critical osmotic function (via continuous exchange of the soluble, osmotically active fraction) to maintain turgor and vascular transport. This raises the possibility that what has been interpreted as sequestered, inaccessible NSC (17, 100) may actually reflect minimum pools that are maintained for osmotic functions. This, in turn, would partially explain (a) why woody plants often fail to use NSC reserves as expected (112) , except when nearing death (38, 39, 45) ; (b) why it is often difficult to deplete the NSC storage pool in trees; and (c) why under limiting carbon supply some plants increase rather than decrease storage.
CONCLUSIONS
Active, Quasi-Active, and Passive Storage
The primary debate about the role and dynamics of NSC revolves around whether allocation to storage is active, quasi-active, or passive (Figure 1) . A closely related issue is that the role of carbon starvation in tree mortality is critical yet unresolved. Likewise, numerous questions remain regarding the details of NSC in mathematical models, such as what physiological mechanisms control how deeply plants deplete their NSC pools under different conditions, which have potentially large implications for forecasting plant responses to climate change, disturbance, and stress.
In resolving these and other standing questions, it is important to begin with unavoidable constraints, such as the conservation of mass and energy. Common statements about storage occurring when assimilation exceeds growth are simply statements of mass balance and not evidence for one theory over another (e.g., active versus passive storage). Such statements do not identify when sink strength has been downregulated to promote storage, when storage is an actively competing sink, or when sink strength has been upregulated but supply exceeds demand (passive accumulation) owing to other constraints, such as thermal reaction kinetics, stoichiometry, or physical limits. Furthermore, the conversion of sugar to starch (and back again) is not a spontaneous reaction at ambient temperatures, but instead involves biochemical pathways that are clearly regulated by the plant. Under both the passive-transport model and Fick's law, any such conversion induces a concentration gradient and thus flux into or out of storage. Therefore, the ubiquitous presence of starch demonstrates that, on some level, active storage is clearly occurring, though it does not indicate which biophysical processes are regulating such storage.
It is also clear, both from first principles and from observations, that NSC is being used as a carbon and energy source when leaves are absent, such as during dormancy or defoliation, and when demand exceeds supply, such as when light levels are below the carbon compensation point.
Similarly, resprouting requires the use of belowground NSC to rebuild both stem and foliage, and observations suggest that plants are able to draw upon much older NSC reserves to do so than they commonly use for annual growth and maintenance (12) . Observations suggest that obligate resprouters are actively storing NSC. Furthermore, we should expect resprouting to provide a selective pressure for active storage.
Although passive accumulation clearly can and does occur over the short term, over the long term one must ask why plants would not downregulate photosynthesis to shift limited resources, such as water and nutrients, elsewhere. For example, over the short term, flood-induced anoxia induces a strong sink limitation on root metabolism, which causes stomatal closure. More generally, long-term downregulation may be an acclimatory response, reducing photosynthetic capacity or increasing the root:shoot ratio, or an evolutionary response, selecting for different allocation patterns. Thus, passive storage at the tree line (61) may simply reflect the translation of growth and photosynthesis regulation strategies to a different environment than the one the species is adapted to. Although this argument does set a high bar against dismissing the idea of active storage, it is far from constituting proof. Nonetheless, it reminds us that the timescale of NSC response is an important part of the active/passive debate that is not often stated explicitly and is likely confounding the current debate.
The emerging overall conceptual model suggests that active, quasi-active, and passive storage are not mutually exclusive and that all three processes occur. In keeping with classic concepts like Liebig's law of the minimum, sometimes plants are limited by carbon, but sometimes they are limited by other constraints. There is a need to better clarify which physiological and ecosystem responses are a result of active, quasi-active, and passive processes. Doing so will require more focused efforts to bring together mathematical models and data, as this will help identify how often and under what conditions different processes dominate. Model tests against experimental data and under extreme conditions (e.g., droughts, floods, fires) will be particularly important for identifying where different assumptions break down. Similarly, there is a need to go beyond NSC concentration measurements and to push genomic and biochemical tools out of the lab and into woody ecosystems in order to relate regulatory mechanisms to actual pool sizes and whole-plant carbon balance. To refine our conceptual models, we need to better understand what internal and external factors control the genes for growth versus active storage and when they are being turned on. This mechanistic understanding of what drives storage will then need to be distilled to simple mathematical models to provide a predictive capacity. This work will also need to be done in an evolutionary context to resolve questions about ecological and evolutionary trade-offs.
Modeling Nonstructural Carbon: Pools, Compounds, Processes, and Future Directions
The partitioning of NSC between sugars and starch has traditionally been viewed primarily in terms of short-and long-term storage. There is growing evidence that this partitioning involves additional physiological processes related to osmotic regulation, both for turgor and transport, and a seasonal cycling between sugar and starch for cold tolerance. However, beyond a coarse starch-versus-sugar distinction, there is no theory that explains the diversity of NSC compounds. Some evidence suggests consistent differences in where and when different compounds are used [e.g., sugars of the raffinose family predominate during dormancy, whereas sugar alcohols tend to be found during growth (57, 91) ]. An important question is, to what extent do different NSCs serve different functional roles in the plant? There is need for a better understanding of what regulates the intertransformations of different NSC compounds [e.g., what factors regulate the active transformation of starch into sugar (122, 150) ] and what their different roles are.
In addition to the questions that arise from competing conceptual models, important questions often arise from the process of translating conceptual models to mathematical models. For example, the above discussion on NSC compounds is related to the question of how many pools are required to model NSC dynamics and suggests that at least two pools are required (e.g., fast/slow or sugar/starch). Models also currently assume that there is no metabolic cost to storage, but physiological estimates are available for the ATP costs of starch synthesis and hydrolysis, although other costs are less well constrained. Models also have considerable uncertainty related to the upper and lower bounds on NSC pool sizes and the relationships between NSC and demographic rates. On the lower bound, there is evidence that not all NSC is available, so models that utilize 100% of NSC for bud burst and spring growth are in error. However, there is not a simple distinction between available and unavailable NSC, as the NSC used for resprouting is older than that used for bud burst, which highlights the open question of how plants regulate how deeply to deplete their NSC pools under different conditions. This question is tightly linked to demographic and allocation issues, as there is a direct mass-balance constraint between NSC availability and demographic processes such as growth, reproduction, and resprouting. By contrast, the relationship between NSC and mortality is almost completely unconstrained by data, though there are strong reasons to expect that the risk of mortality is more complicated than the simple assumption that mortality occurs when NSC stores are completely depleted (i.e., pure carbon starvation).
In addition to questions about the lower limits of NSC, there are open questions about the anatomical and biochemical upper limits on the NSC capacity of woody plants and how those relate to biological and physical traits and feedbacks, such as foliar starch accumulation. Models also vary considerably in how they account for phloem conductance. On the one hand, there is the question of whether the complexity of transport is even necessary to accurately describe NSC source-sink dynamics; on the other hand, these processes may be key to understanding the osmotic functions of NSC and setting the lower bound on NSC depletion.
Finally, as with the conceptual models, there is the important and unresolved question of whether storage competes with other sinks, occurs passively, or is quasi-active owing to the regulation of sources and sinks. As stated above, all three processes appear to be occurring, and further model-data synthesis is required to determine their relative importance. Resolving these questions is integral to improving our capacity to anticipate how woody plants will respond to changes in CO 2 , climate, stress, and disturbance.
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